Abstract Induction of the protective heat shock proteins (Hsps), and of Hsp72 in particular, has been reported to be decreased in certain tissues from aged animals. To determine if both fast and slow skeletal muscles from aged animals demonstrate an altered ability to induce and accumulate Hsp72, adult (age, 6 months) and aged (age, 20 months) Fischer 344 rats were subjected to heat stress. At selected times (0, 1, 3, and 24 hours) after a 10-minute, 41ЊC heat stress, fast (white gastrocnemius [WG]) and slow (soleus) skeletal muscles were examined for either heat shock transcription factor (HSF) activation (trimerization and DNA-binding activity) or Hsp72 content using electrophoretic gel mobility shift assays and Western blotting, respectively. Immediately after heat stress, the level of HSF activation between aged and adult animals was similar for both muscles. HSF activation was undetectable at 1 and 3 hours after heat stress in all cases. Twenty-four hours after heat stress, Hsp72 content in the WG muscles from both aged and adult animals was significantly increased compared with unstressed, age-matched controls (P Ͻ 0.05). In contrast, perhaps because of their high constitutive Hsp72 levels, soleus muscles from both aged and adult animals did not demonstrate a significant increase in Hsp72 content after heat shock, but there was a trend toward increased levels. Hsp72 content in both the soleus and WG muscles demonstrated no significant differences between adult and aged animals in either the unstressed state (controls) or after heat shock. These results suggest that skeletal muscles from aged animals are capable of inducing the heat shock response and accumulating Hsp72.
INTRODUCTION
All cells respond to heat and other protein-damaging stresses by the rapid synthesis of ''stress'' or ''heat shock proteins'' (Hsps). Overexpression of Hsps, and of Hsp72 in particular, has been shown to protect cells and tissues during episodes of stress (Johnston and Kucey 1988; Riabowol et al 1988; Karmazyn et al 1990; Li et al 1991; Plumier et al 1995) . The exact mechanism by which Hsps provide protection remains unknown, but it is thought to relate to their ability to act as molecular chaperones.
Stress-induced transcriptional regulation of Hsps is mediated by activation and binding of the heat shock transcription factor (HSF1) to a specific DNA sequence located upstream from all hsp genes and known as the heat shock element (HSE; Amin et al 1988) . In unstressed cells, HSF1 exists as inactive, non-DNA-binding mono-mers, but after exposure to proteotoxic stresses, HSF1 monomers form DNA-binding trimers capable of binding to the HSE (Sarge et al 1993) . This process is referred to as HSF activation, and it can be assessed by electrophoretic mobility shift assays.
Induction of Hsps has been shown to confer protection to cells and tissues from both young and adult animals, but cells and tissues from aged animals have demonstrated a diminished hsp induction and thus a diminished protection (Blake et al 1991; Heydari et al 1993; Nitta et al 1994, Locke and Tanguay 1996b) . For example, when both adult and aged animals were heat stressed and allowed to recover, the hearts from the aged animals demonstrated reduced HSF activation, decreased Hsp72 expression, and lack of myocardial protection (Locke and Tanguay 1996b) . The decreased ability of aged cells and tissues to mount a stress response and thus synthesize the protective Hsps may render aged organisms more susceptible to certain stresses. Thus, to determine if skeletal muscles from aged animals also demonstrate a di-minished ability to induce the protective heat shock response and accumulate the protective Hsps, both fast (white gastrocnemius [WG] ) and slow (soleus) skeletal muscles from aged and adult animals were assessed for HSF activation and Hsp72 accumulation after a 10-minute, 41ЊC heat shock.
MATERIALS AND METHODS

Animals and heat shock
Adult (age, 5-6 months) and aged (age, 21-22 months), barrier-reared, male Fischer 344 rats (National Institute on Aging) were used in these experiments. All experiments and procedures were approved by the Animal Care Committee of the University of Toronto. Animals were maintained on a 12-hour dark/light cycle, housed at 20 Ϯ 1ЊC and 50% relative humidity, and fed and watered ad libitum. Animals subjected to heat shock were anesthetized with sodium pentobarbital (65 mg/kg Intraperitoneal) and placed on a heating plate until the rectal temperature reached 0.5ЊC less than the desired temperature. During heat shock, rectal temperature was carefully maintained within 0.5ЊC of the desired temperature (40, 41, or 42ЊC) for 10 minutes. Before and throughout the entire heat stress, the rectal temperature was measured using a Thermistor TSD 102C Probe (Santa Barbara, CA, USA) Thermistor connected to a Biopac data acquisition system (Santa Barbara, CA, USA). In the experiments that required recovery after heat shock (10 minutes at 41ЊC), animals were cooled and revived using oral administration of water. At selected times after heat shock (0, 1, 3, and 24 hours), animals were anesthetized with sodium pentobarbital (65 mg/kg ip) if needed, and the relevant muscles were removed and quickly frozen in liquid nitrogen.
Preparation of protein extracts
Protein extracts were prepared according to the method described by Mosser et al (1988) . Briefly, portions of skeletal muscles were thawed and homogenized in 15 volumes of extraction buffer (25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM ethylenediaminetetraacetic acid [EDTA; pH, 8.0], 20 mM HEPES [pH, 7.9] , 0.5 mM Dithiothreitol, and 0.5 mM phenylmethylsufonylfluoride) at 4ЊC and 5000 rpm using a Ultra-Turrax T8 (IKA Labortechnik, Staufen, Germany). Tissue lysates were centrifuged at 14 000 rpm at 4ЊC (16 000 ϫ g) for 20 minutes in an Eppendorf centrifuge (Eppendorf-Brinkman Instruments, Mississaugo, Ontario, Canada). The supernatant was then removed and stored at Ϫ70ЊC.
Mobility shift analyses
Analyses of HSF-HSE binding in extracts was performed according to the procedure described by Locke and Tanguay (1996a) . Protein extracts (50 g) from control and heat shocked rat skeletal muscles were incubated with a 32 P-labeled, self-complementary, ideal HSE oligonucleotide (5Ј-CTA GAA GCT TCT AGA AGC TTC TAG-3Ј) in binding buffer (10% glycerol, 50 mM NaCl, 1.0 mM EDTA [pH, 8.0] , 20 mM Tris [pH, 8.0], 1.0 mM DTT, 0.3 mg/ mL bovine serum albumin) with 0.1 ng (50 000 cpm) of 32 P-labeled oligonucleotide and 5.0 g poly (dI dC) (Pharmacia Fine Chemicals, Piscataway, NJ, USA) for 30 minutes at room temperature. Samples were electrophoresed on 4% acrylamide gel at 200 V for 2-3 hours. Gels were then dried and exposed to radiographic film (Amersham-ECL, Mississauga, Ontario, Canada). HSF activation was assessed using band shifts, and correct HSF-HSE interaction was confirmed by incubating extracts with a 200-fold molar excess of unlabeled HSE as described by Locke et al (1995) .
Polyacrylamide gel electrophoresis and immunoblotting
Muscle portions were homogenized in 600 mM NaCl and 15 mM Tris (pH, 7.5), and the protein concentration determined using the method of Lowry et al (1951) . One dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to the method described by Laemmli (1970) , except that the separating gel (0.15 ϫ 4.5 ϫ 8 cm) consisted of a 5%-15% polyacrylamide gradient. After electrophoretic separation, proteins were transferred to nitrocellulose membranes (thickness, 0.22 m; Bio-Rad Laboratories) as described by Towbin et al (1979) using the Bio-Rad miniprotean II gel transfer system (Mississauga, Ontario, Canada). After protein transfer, blots were reacted with a polyclonal antibody (SPA-812; Stress-Gen, Victoria, Canada) specific for Hsp72 and diluted to 1:2500 in Tris buffered saline ϩ 0.05% Tween-20 with 2% non fat dried milk as described by Locke et al (1995) . To determine nonspecific binding, duplicate gels were run, transferred, and reacted, but the primary antibody was omitted. Immunoblots or autoradiograms were scanned using an Agfa Arcus II scanner (Woburn, MA, USA), and quantification of bands from the immunoblots or exposed film was performed using Kodak 1D Image Analysis Software (Kodak Scientific Imaging Systems, New Haven, CT, USA). Standard curves were constructed to assure linearity.
Statistical analyses
Data obtained from the aged and adult groups were analyzed using an unpaired Student's t-test. For cases in Data are expressed as mean Ϯ SEM. Statistically significant differences (P Ͻ 0.05) from the adult values are indicated by an asterisk (for all groups, the minimum number of animals was 4).
Fig 1.
Heat shock factor activation in adult and aged rat soleus muscles after heat shock. Protein extracts from adult and aged rat soleus muscles were incubated with a 32 P-labeled heat shock element (HSE) and analyzed by mobility shift-polyacrylamide gel electrophoresis as described in the text. Lane 1: free probe (FP); lane 2: unstressed (control) adult rat soleus muscle; lane 3: adult rat soleus muscle after a 10-minute, 40ЊC heat shock; lane 4: adult rat soleus muscle after a 10-min, 41ЊC heat shock; lane 5: adult rat soleus muscle after a 10-minute, 42ЊC heat shock; lane 6: unstressed (control) aged rat soleus muscle; lane 7: aged rat soleus muscle after a 10-minute, 40ЊC heat shock; lane 8: aged rat soleus muscle after a 10-minute, 41ЊC heat shock; lane 9: aged rat soleus muscle after a 10-minute, 42ЊC heat shock; lane 10: protein extract from aged rat soleus muscle after a 10-minute, 42ЊC heat shock incubated with a 200-fold molar excess of unlabeled HSE. HSF, heat shock transcription factor complex; NSB, non-specific-binding.
Fig 2.
Heat shock factor activation in adult and aged rat white gastrocnemius muscles after heat shock. Protein extracts from white gastrocnemius muscles were incubated with a 32 P-labeled heat shock element (HSE) and analyzed by mobility shift-polyacrylamide gel electrophoresis as described in the text. Lane 1: free probe (FP); lane 2: unstressed (control) adult rat white gastocnemius muscle; lane 3: adult rat white gastocnemius muscle after a 10-minute, 40ЊC heat shock; lane 4: adult rat white gastocnemius muscle after a 10-minute, 41ЊC heat shock; lane 5: adult rat white gastocnemius muscle after a 10-minute, 42ЊC heat shock; lane 6: unstressed (control) aged rat white gastocnemius muscle; lane 7: aged rat white gastocnemius muscle after a 10-minute, 40ЊC heat shock; lane 8: aged rat white gastocnemius muscle after a 10-minute, 41ЊC heat shock; lane 9: aged rat white gastocnemius muscle after a 10-minute, 42ЊC heat shock; lane 10: protein extract from aged rat white gastocnemius muscle after a 10-minute, 42ЊC heat shock incubated with a 200-fold molar excess of unlabeled HSE. HSF, heat shock transcription factor complex; NSB, non-specific-binding. which 4 groups were used, data were analyzed by analysis of variance and then the Tukey's post hoc test. In all cases, the level of significance was set at P Ͻ 0.05.
RESULTS
Physical characteristics and thermal response during heat shock
Aged animals demonstrated a greater body weight (P Ͻ 0.05) than adult animals (Table 1) . No differences, however, were detected in the thermal responses of adult and aged animals. Pre-heat shock rectal temperatures were 37.2 Ϯ 0.2ЊC for adult animals and 36.9 Ϯ 0.1ЊC for aged animals, whereas peak temperatures were 41.5 Ϯ 0.1ЊC for adult animals and 41.4 Ϯ 0.1ЊC for aged animals. Heating rates for adult and aged animals were similar (0.29 Ϯ 0.02ЊC/min vs 0.28 Ϯ 0.03ЊC/min, respectively), as were cooling rates (0.18 Ϯ 0.02ЊC/min vs 0.19 Ϯ 0.02ЊC/min, respectively). These results indicate that even though aged animals had a greater body weight, both adult and aged animals experienced a similar thermal stress during heat shock.
HSF activation in aged skeletal muscle
The term HSF activation is used to describe the HSF trimer binding to the HSE. HSF activation in protein extracts from control and heat shocked adult and aged rat skeletal muscles was assessed using mobility shift-polyacrylamide gel electrophoresis (MS-PAGE). No HSF activation was detected in extracts from control adult or aged rat soleus muscles (Fig 1; lanes 2 and 6, respectively) . In addition, no HSF activation was detected in extracts from control adult or aged rat WG muscles (Fig 2; lanes 2 and  6, respectively) . HSF activation was detected in extracts Heat shock factor inactivation follows similar kinetics in aged and adult skeletal muscles. Protein extracts from aged and adult white gastrocnemius and soleus muscles were incubated with a 32 Plabeled heat shock element and analyzed by mobility shift-polyacrylamide gel electrophoresis as described in the text. Lane 1: free probe; lane 2: unstressed (control) adult rat skeletal muscle; lane 3: adult rat skeletal muscle after a 10-minute, 41ЊC heat shock; lane 4: adult rat skeletal muscle 1 hour after a 10-minute, 41ЊC heat shock; lane 5: adult rat skeletal muscle 3 hours after a 10-minute, 41ЊC heat shock; lane 6: unstressed (control) aged rat skeletal muscle; lane 7: aged rat skeletal muscle after a 10-minute, 41ЊC heat shock; lane 8: aged rat skeletal muscle 1 hour after a 10-minute, 41ЊC heat shock; lane 9: aged rat skeletal muscle 3 hours after a 10-minute, 41ЊC heat shock. (A) Soleus muscle. (B) White gastrocnemius muscle.
from adult rat soleus muscles from animals that were heat shocked for 10 minutes to either 40, 41, or 42ЊC (Fig  1; lanes 3, 4, and 5, respectively) and in extracts from aged rat soleus muscles from animals that were heat shocked for 10 minutes to either 40, 41, or 42ЊC (Fig 1;  lanes 7, 8, and 9, respectively) . Similarly, HSF activation was detected in extracts from adult rat WG muscles from animals that were heat shocked for 10 minutes to either 40, 41, or 42ЊC (Fig 2; lanes 3, 4, and 5, respectively) and in extracts from aged rat WG muscles from animals that were heat shocked for 10 minutes to either 40, 41, or 42ЊC (Fig 2; lanes 7, 8, and 9, respectively) . The level of HSF activation in aged rat soleus and WG muscles at any given temperature was similar to that observed in the corresponding adult rat muscles. When HSF bands from autoradiograms were quantified by densitometry, the level of HSF activation in aged soleus and WG muscles was not significantly different from that in adult muscles (Fig  3) . These results suggest that both fast and slow muscles from aged animals are equally capable of activating HSF.
To determine if the time course of HSF activation and inactivation differed in the aged muscles, HSF activation was also assessed at 1 and 3 hours after heat shock. MS-PAGE analyses of skeletal muscle extracts from adult and aged rats that were heated to 41ЊC for 10 minutes and then allowed to recover demonstrated that HSF activation was only detectable directly after heat shock and not at 1 or 3 hours after heat shock in either adult or aged rat soleus and WG muscles (Fig 4; lanes 3 and 7, respectively). These results demonstrate that the kinetics of HSF activation and inactivation are similar in both the soleus and WG muscles from adult and aged rats.
Hsp72 protein accumulation after heat shock
To determine the Hsp72 content in skeletal muscles from unstressed and heat shocked (24 hours after 10 minutes at 41ЊC) adult and aged animals (n ϭ 4 for each group), portions of the soleus and WG muscles were analyzed for Hsp72 (the inducible member of the Hsp70 family) by Western blotting. Representative Western blots containing the SDS-PAGE-separated proteins from aged skeletal muscles (soleus and WG) reacted with antibody for Hsp72 are shown in Figure 5 . Hsp72 content in the soleus muscles from unstressed, control aged and adult animals was readily detectable (Fig 5A; lanes 1 and 3, respective-Fig 5. The amount of Hsp72 increases to a similar extent in adult and aged rat skeletal muscles after heat shock. Proteins from muscles were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and reacted with a Hsp72-specific antibody as described in the text. ly). Twenty-four hours after heat shock, the Hsp72 content in soleus muscles from adult and aged animals was only slightly increased. When similar blots were quantified by densitometric scanning, the Hsp72 content in the soleus from heat shocked aged and adult animals was not elevated compared with that in unstressed, agematched controls (Fig 6A) . A trend toward increased Hsp72 content, however, was apparent.
The Hsp72 content in WG muscles from aged and adult, unstressed control animals was barely detectable (Fig 5B; lanes 1 and 3, respectively) . At 24 hours after heat shock, however, the Hsp72 content in WG muscles from aged and adult animals was greatly increased ( Fig  5B; lanes 2 and 4, respectively) . When similar blots were quantified by densitometric scanning, the Hsp72 content in WG muscles from heat shocked aged and adult animals was elevated at least 2-fold compared with the content in unstressed, age-matched controls (P Ͻ 0.05; Fig  6B) . There was no statistically significant difference between unstressed adult and aged animals in the amount of Hsp72 in the WG muscles, nor was there any statistically significant difference between aged and adult animals in the amount of Hsp72 accumulated in the WG muscles 24 hours after heat shock (Fig 6B) . These results suggest that the WG muscle in aged animals is capable of accumulating Hsp72 to a similar extent as that observed in adult animals, and that both fast and slow muscles from aged and adult animals respond in a similar manner to heat stress. In addition, it also suggests that slow muscles, such as the soleus, may not accumulate Hsp72 to the same magnitude as that observed in fast muscles, such as the WG.
DISCUSSION
Cells and tissues from aged animals have been reported to exhibit decreased Hsp induction and expression after heat shock (Liu et al 1989; Choi et al 1990; Fargnoli et al 1990; Blake et al 1991; Heydari et al 1993; Nitta et al 1994; Kregal et al 1995; Locke and Tanguay 1996b) . The diminished ability to induce Hsps in aged cells and tissues appears to result from decreased HSF activation (Heydari et al 1993; Locke et al 1996) . The novel feature of this study is that after heat shock, both fast and slow skeletal muscles from aged animals demonstrated similar HSF activation and Hsp72 accumulation as the same muscles from adult animals. These results may appear to contrast with those of previous studies (Liu et al 1989; Choi et al 1990; Fargnoli et al 1990; Blake et al 1991; Heydari et al 1993; Nitta et al 1994; Kregal et al 1995) , but a number of factors may explain these apparent differences. First, most studies that have examined the heat shock response and aging have used cultured cells or cells removed from aged animal tissues (Liu et al 1989; Choi et al 1990; Fargnoli et al 1990; Heydari et al 1993) , but the in vivo heat shock response has been reported to lack the coordinated control that is characteristic of cultured cell populations (Blake et al 1990; Locke and Tanguay 1996a) . Thus, it remains possible, and even probable, that mitigating physiologic factors such as redundant controls are at play in the intact animal. Second, the heat shock response is known to be tissue (Blake et al 1991; Tanguay et al 1993) and even muscle specific (Locke and Tanguay, 1996b) . To our knowledge, no studies have examined the heat shock response in aged skeletal muscle after whole-animal heat shock. Thus, terminally differentiated skeletal muscle cells and fibers may be unique in their ability to maintain a heat shock response with increasing age. In this study and others (Locke and Tanguay, 1996a) , Hsp72 content before heat shock and Hsp72 accumulation after heat shock demonstrated a muscle-specific pattern of expression. Thus, Hsp72 may be activated and accumulate differently in skeletal muscles than in other tissues and cells. Lastly, because heat shock response can be influenced by a number of different factors, including specific proteins involved in negative regulation (Satyal et al 1998) , it remains possible that age-and/or tissue-specific alterations in the content of such proteins may influence the ability of certain cells and tissues to mount a heat shock response and thus accumulate Hsps.
In this study, a high constitutive level of Hsp72 was detected in the slow soleus muscles from both aged and adult animals, whereas a low level of Hsp72 expression was observed in the fast WG muscles from both aged and adult animals. The exact reason (or reasons) for these muscle-specific differences in Hsp72 expression remains unknown, but muscles such as the soleus, which are constantly being recruited and thus continually ''stressed,'' may require a greater level of protection or chaperone function. In contrast, muscles such as the WG, which are only occasionally recruited or ''stressed,'' may require a lower level of the protective Hsps.
In rat tissues, heat shock and the concomitant induction of the ''protective'' Hsps, and of Hsp72 in particular, have been associated with cellular protection (Currie et al 1988 (Currie et al , 1993 Karmazyn et al 1990; Locke et al 1996b) . In the heart, a direct correlation between Hsp72 content and protection has been observed (Hutter et al 1994) . Thus, it would seem to follow that an increased Hsp72 content in skeletal muscle may also provide a similar level of protection. Indeed, a previous heat shock treatment has been shown to confer a significant biochemical protection to rat muscle against ischemic injury (Garramone et al 1994) .
After heat shock in this study, however, there was only a slight increase in the Hsp72 content of the soleus muscles, whereas there was a robust increase in the Hsp72 content of the WG muscles. The exact reason (or reasons) for this differential induction of Hsp72 remains to be determined, but muscles with a high constitutive Hsp72 content before heat stress may not require the same amount of Hsp72 protein to be synthesized as muscles with a low constitutive Hsp72 content. In agreement with this are studies showing that cells overexpressing Hsp70 demonstrate a reduced HSF activation and subsequent Hsp70 accumulation when heat shocked (Baler et al 1992; Mosser et al 1993) . These studies suggest a regulatory mechanism in which cells and tissues accumulate Hsp72 to a certain level, which then feeds back to shut down further Hsp72 production. It remains possible that such a mechanism is operating in skeletal muscle. According to the proposed Hsp72 feedback mechanism, tissues with a high constitutive Hsp72 content, such as the soleus muscle, would require a greater absolute stress to experience the same relative level of stress as tissues with a low constitutive Hsp72 content, such as the WG muscle. This may explain why even though there was a trend toward an elevated Hsp72 content in adult and aged soleus muscles after heat shock, the Hsp72 content was not significantly different from that in ''unstressed'' controls.
In conclusion, this study suggests that after heat shock, the ability to activate the protective hsp72 gene and accumulate the major protective Hsp protein is not reduced in aged skeletal muscle. Similar levels of HSF activation and Hsp72 accumulation were observed in aged and adult rat fast and slow skeletal muscles, suggesting that the ability to mount a stress response and accumulate Hsps is not compromised in aged skeletal muscle. This implies that aged skeletal muscles may have little or no impairment in translating stress signals into the biochemical steps necessary for induction of the stress response. In addition, aged skeletal muscles may be capable of coping with disturbances to homeostasis from physiologically relevant stresses, such as hyperthermia or strenuous exercise.
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